We report a novel method for preparing uniform and aligned ZnO nanowire arrays embedded in anodic alumina membranes ͑AAM͒ by electrophoretic deposition ͑EPD͒. An integrated process combining the preparation of nanometer-sized ZnO particles and the formation of nanosized ZnO arrays by EPD within AAM was reported for the first time. The deposited nanowire arrays were characterized in terms of X-ray diffractometer, scanning electron microscope, and photospectrometer. As compared with other methods for the preparation of nanowire arrays, the proposed method is simple, materials general, and efficient. © 2002 The Electrochemical Society. ͓DOI: 10.1149/1.1454547͔ All rights reserved.
With the development of various nanometer-sized electronic and photonic devices, high density and well-aligned nanowire arrays exhibit a great potential for fundamental research and practical applications. ZnO as a low-voltage and short wavelength optoelectronic material is a subject of extensive interest. Many methods, such as sol-gel deposition, electrodeposition, and chemical vapor deposition ͑CVD͒, have been proposed to fabricate nanosized arrays of rods, wires, fibrils, and tubules of materials through template-mediated synthesis using anodic alumina membranes ͑AAM͒. By the sol-gel method, the fabrication process is easy, but it needs an appropriate solution with higher concentration; most results were limited to metal-oxide materials only. [1] [2] [3] As an example of the electrodeposition process, TiO 2 electrodeposition under Ar atmosphere followed by annealing has been employed to fabricate nanowire arrays in AAM. 4 For the CVD process, 5 the gaseous reactants are efficient in penetrating the channels of AAM, but it was generally reported that the high growth rate associated with CVD processing would block the template channel, which in turn would hinder further filling of the channel for array fabrication. Furthermore, sometimes the appropriate gas sources necessary to perform CVD of the desired material are difficult to obtain and their deposition temperature is higher than other processes. It seems that the above-mentioned approaches have their respective advantages and limitations. In this paper, for the first time, an integrated method combining ZnO nanoparticle preparation and subsequent electrophoretic deposition ͑EPD͒ in the same bath to fabricate the ZnO nanowire arrays in AAM is proposed. As compared to other methods, the advantages of EPD fabrication process are simple, materials general, low cost, and highly reproducible.
Experimental
The synthesis of nanometer-sized ZnO colloidal suspensions for EPD in this study followed the method of Bahnemann and Hoffmann. 6 First, a solution of 0.0012 M of Zn͑OAc͒ 2 •2H 2 O ͑ACS reagent grade͒ in 80 mL of 2-propanol was made at 50°C. After dilution of the solution to 230 mL with 2-propanol, it was cooled to 0°C. At this temperature, 20 mL of a solution containing 0.02 M of NaOH ͑ACS reagent grade͒ in 100 mL 2-propanol was added within 1 min, while the mixture was being stirred. After aging in a water bath at 65°C for 2 h, a transparent suspension of ZnO particles was obtained. Subsequently, the suspensions for EPD were prepared by further drying the above solution at Ϫ35°C for l h to increase the particle concentration in the bath. Then, 0.0008 M of Zn͑NO 3 ͒ 2 •6H 2 O ͑ACS reagent grade͒ was added to the suspensions as an binder agent for EPD. The AAM ͑Anodisc, Whatman͒ were commercially available and characterized with 200 nm pore diam. The density of pores in AAM is dependent on the conditions of preparation. For the present case with 200 nm pore diam, the density falls within the range of 10 9 to 10 10 pores/cm 2 , but the value can be increased to 10 11 pores/cm 2 or even higher for AAM prepared under appropriate processing conditions. For the EPD process, a platinum sheet was used as the anode, and an AAM attached to a Cu foil was the cathode. A layer of Au was deposited on the side of AAM to be attached to the Cu foil for enhancing electrical conductivity. The electrodes were set parallel to each other with a separation distance of 2 cm and immersed into the ZnO suspension kept at a constant temperature during EPD. ZnO nanowire arrays were deposited at voltages from 10 to 400 V using a regulated dc power supply. The AAM after 5-25 min of deposition was removed from the colloidal suspension and allowed to dry at ambient conditions. Some of these ZnO/AAM assembled systems were annealed in air at 400°C for 15 h to examine its phase evolution. For scanning electron microscope ͑SEM͒ observation, the AAM was removed from the ZnO/AAM assembly by mounting the sample on a glass using epoxy resin, and then dissolving the AAM in 0.5 M NaOH solution and washing several times with doubly distilled water. X-ray diffraction analysis was carried out on a Rigaku D/Max-IV powder X-ray diffractometer with Cu K␣ ( ϭ 1.54052 Å) as the incident radiation. The surface morphology of ZnO nanowire arrays was studied using a Philips XL-FEG SEM. The Zeta potential was measured by Zetasizer 300HS equipment ͑Malvern, U.K.͒. Photoluminescence ͑PL͒ spectral analysis was performed at room temperature on a Hitachi F-4500 spectrometer with a Xe lamp as the excitation light source.
Results and Discussion
The XRD patterns for the nanosized ZnO arrays deposited within AAM and the above ZnO/AAM assembly after heat-treatment at 400°C for 15 h, as well as those for the blank AAM before and after heat-treatment, are shown in Fig. 1 . The XRD pattern for the asprepared ZnO/AAM assembly is shown in Fig. 1a , in addition to a broad peak attributed to the amorphous AAM ͑Fig. 1b͒, some peaks belonging to ZnO are observed. The diffraction peaks are broader for the as-prepared nanosized ZnO arrays, which is believed to be due to the small particle size. 7 The effect of heat-treatment on the structure of ZnO/AAM assembly and blank AAM is significant. The AAM became crystallized after heat-treatment at 400°C for 15 h, as shown in Fig. 1d . While after the same heat treating procedure, the crystallinity of ZnO was also enhanced, with more intense and narrower peaks shown in Fig. 1c . The obtained peaks match well with the JCPDS data for the wurtzite ZnO phase ͑JCPDS 79-0205͒.
SEM micrographs of the deposited nanosized ZnO arrays obtained at 30 and 300 V, respectively, are shown in Fig. 2 . SEM top-view and cross-sectional images show that the ZnO arrays are very uniform and highly aligned perpendicular to the substrate. It is interesting to find that the deposited products have the forms of fibrils and tubules with the same length within an array, which demonstrates the processing capability of the EPD in preparing highly aligned and uniform nanosized arrays. However, when a blank AAM was dipped into the sol bath for 24 h without applying an electric field, and then was removed and dried at the same conditions, we z E-mail: icleu@mail.ncku.edu.tw could not obtain any array from this solution with such a low colloidal concentration. Whereas for the sol-gel process, a more concentrated precursor should be employed to fabricate the desired arrays. This means that the EPD process is an efficient process for extracting solid product even from a highly diluted solution.
It is interesting to find that the filling characteristics are dependent on the applied voltage used, as shown in Fig. 2 . Besides, the fibril percentage of ZnO nanowire arrays embedded in AAM as a function of the applied voltage is shown in Fig. 3 . The fibril percentage was measured by observing the SEM top-view images of the as-prepared samples for more than 200 nanowires per sample. The values for each condition were obtained from several pieces of samples and an average value of fibril percentage can be determined. Three different deposition morphologies due to the voltagedependent filling characteristics can be observed, i.e., fibrils, tubules, and the mixed product. When the voltage was relatively low, as from 10 to 30 V, only ZnO nanofibrils can be obtained. However, when the deposition voltage was increased to above 60 V, the product changed from fibril to tubule form, and the transition region with mixed forms of product was found in between. As reported by Lakshmi et al., 2 the dipping time or temperature needs to be changed to prepare fibrils or tubules by the sol-gel method. For the case of electrochemical or chemical vapor deposition of a tubule material within the pores of the AAM, an additional pretreatment step of the membrane wall before deposition is required. 3 However, the proposed EPD method can achieve the goal of preparing different forms of array easily by changing the applied voltage. Figure 4 shows a schematic model to explain the growth mechanism of ZnO nanofibrils and nanotubules deposited in AAM channels by EPD with different voltages. In a preliminary study, the Zeta potential value obtained at the pH value used here (pH 9.4) demonstrated that the particles are positively charged. However, the pore walls of the AAM were also reported to be positively charged. 8 At low voltages, the ZnO particles were first deposited from the base of the channels near the cathode electrode. As growth proceeded, the nanofibrils extended to the wall of the channel and to the bulk solution simultaneously. A similar phenomenon has been reported for the preparation of TiO 2 nanowires, where the nanowires were first formed in the center of the pore and then extended to the pore wall. However, at higher voltages, the high electric field caused a dielectric breakdown of the insulating AAM within the solution. The dielectric breakdown of AAM made the AAM walls carry the same charge with cathode when the applied voltage was larger than 60 V, and the positively charged particles were thus absorbed to the pore walls. Therefore, one-side opened tubules were obtained in the pores of the AAM. Moreover, between 40 and 60 V, the curve of fibril percentage was found to transit rapidly with the increase of the voltage, which could, furthermore, support the mechanism of dielectric breakdown in controlling the filling characteristics for array fabrication. In addition, a preliminary transmission electron microscope analysis ͑not shown here͒ shows that the diam of fibril is about 60 nm; while the diam of the tubule is about 200 nm, which corresponds to that of the channel diameter of the AAM. These results show that through the control of applied voltage, both fibrils and tubules can easily be prepared. In the meanwhile, the length and the aspect ratio of the fibrils and tubules can be well controlled as well.
The preliminary results of the PL spectra of ZnO nanowires from different conditions are shown in Fig. 5 . The excitation wavelength was 370 nm. Luminescence spectra exhibit two emission peaks at about 380 and 460 nm. It was reported that the UV luminescence peak at ϳ380 nm corresponds to the near band-edge emission and the green emission peak at ϳ460 nm is due to the deep level or vacancy trap level emission. 6, 9, 10 The presence of blue shift in the PL spectra of the green emission is considered to result from the small particle size. 6 It should be noted that a heat-treatment step caused a further decrease in the intensity of the green emission and peaked at about the same wavelength as compared with that of the as-prepared sample. It may be attributed to the decrease of the amount of singly ionized oxygen vacancies in ZnO with increasing heat-treatment temperature. 11 The PL result indicates that the ZnO arrays prepared from the EPD exhibit similar properties to those prepared by other methods. However, there are many issues to be addressed before reaching a more detailed explanation of the observed PL results, and the work is currently underway.
Conclusions
A novel method for the synthesis of uniform and aligned ZnO arrays embedded in AAM by combining colloidal preparation and EPD process has been presented. For the processing capability of the EPD process, 12 it is expected that preparation of arrays of any materials with available suspensions, including metal, semiconductor, ceramic, and polymer can be feasible. Besides, the EPD is a simple and powerful method to obtain arrays of fibrils and tubules just by controlling the applied voltage. The XRD and luminescence results indicate that the prepared ZnO arrays can have similar properties to those prepared by other methods. 
